Echinocandins are frontline agents against invasive candidiasis (IC), but predictors for echinocandin therapeutic failure have not been well defined. Mutations in Candida FKS genes, which encode the enzyme targeted by echinocandins, result in elevated MICs and have been linked to therapeutic failures. In this study, echinocandin MICs by broth microdilution and FKS1 and FKS2 mutations among C. glabrata isolates recovered from patients with IC at our center were correlated retrospectively with echinocandin therapeutic responses. Thirty-five patients with candidemia and 4 with intra-abdominal abscesses were included, 92% (36/39) of whom received caspofungin. Twenty-six percent (10) and 74% (29) failed and responded to echinocandin therapy, respectively. Caspofungin, anidulafungin, and micafungin MICs ranged from 0.5 to 8, 0.03 to 1, and 0.015 to 0.5 g/ml, respectively. FKS mutations were detected in 18% (7/39) of C. glabrata isolates (FKS1, n ‫؍‬ 2; FKS2, n ‫؍‬ 5). Median caspofungin and anidulafungin MICs were higher for patients who failed therapy (P ‫؍‬ 0.04 and 0.006, respectively). By receiver operating characteristic (ROC) analyses, MIC cutoffs that best predicted failure were >0.5 (caspofungin), >0.06 (anidulafungin), and >0.03 g/ml (micafungin), for which sensitivity/specificity were 60%/86%, 50%/97%, and 40%/90%, respectively. Sensitivity/specificity of an FKS mutation in predicting failure were 60%/97%. By univariate analysis, recent gastrointestinal surgery, prior echinocandin exposure, anidulafungin MIC of >0.06 g/ml, caspofungin MIC of >0.5 g/ml, and an FKS mutation were significantly associated with failure. The presence of an FKS mutation was the only independent risk factor by multivariate analysis (P ‫؍‬ 0.002). In conclusion, detection of C. glabrata FKS mutations was superior to MICs in predicting echinocandin therapeutic responses among patients with IC.
C
andida glabrata has emerged as the most common cause of invasive candidiasis (IC) at many centers in the United States, likely as a result of widespread use of azole antifungal agents and the growing populations of immunosuppressed and other highrisk hosts (12) . The echinocandin antifungals (caspofungin, anidulafungin, and micafungin) inhibit ␤-1,3-D-glucan synthase, an enzyme that synthesizes a major component of the Candida cell wall. These agents have become a preferred front-line therapy against C. glabrata and other Candida species that may demonstrate decreased susceptibility to azoles (2, 23) . In recent years, echinocandin therapeutic failures and breakthrough Candida infections have been increasingly reported (7, 8, 11, 13, 17-19, 30, 34) . As such, the development of rapid and accurate methods for detecting echinocandin-resistant Candida isolates is a priority.
The role of in vitro echinocandin susceptibility testing of clinical Candida isolates in directing therapy is not established. Echinocandin MICs against Candida isolates infrequently exceed the breakpoints for resistance, as originally proposed by the Clinical and Laboratory Standards Institute (CLSI) (29) . This observation has led to concerns about the sensitivity of the CLSI-recommended methodology in identifying isolates that are unlikely to respond to echinocandin therapy (4) . In response to these concerns, CLSI revised the echinocandin interpretive breakpoints by considering factors such as relative differences in susceptibility among Candida spp., epidemiological MIC cutoff values (ECVs), molecular mechanisms of resistance, ␤-1,3-D-glucan synthase enzyme kinetics, pharmacokinetic and pharmacodynamic data, and published clinical data linking MICs with therapeutic outcomes (28) . Using this approach, CLSI has proposed lower resistance breakpoints of Ͼ0.25 g/ml for caspofungin and anidulafungin and Ͼ0.12 g/ml for micafungin against C. glabrata. At present, the impact of these revised breakpoints on the identification of resistant isolates and their utility in predicting the response to echinocandin therapy are unknown.
In C. glabrata, ␤-1,3-D-glucan synthase is encoded by three related genes (FKS1, FKS2, and FKS3) (15) . FKS1 and FKS2 mutations are responsible for reduced echinocandin susceptibility in C. glabrata, and they have been linked to the failure of echinocandin therapy in case reports and small series (7, 8, 13, 14, 34) . The limited clinical data are supported by in vitro kinetic analyses demonstrating that ␤-1,3-D-glucan synthase encoded by FKS mutant C. glabrata isolates is less sensitive to echinocandins (15) . As such, identification of mutations in FKS1 and FKS2 may be more sensitive than antifungal susceptibility testing in detecting echinocandin-resistant isolates. To date, the prevalence of FKS mutations appears to be low, but a relatively small number of Candida isolates have been screened in the United States (36) and worldwide (6) . In order to determine if FKS genotype testing has a role in the management of IC, studies that characterize a substantial number of isolates associated with both successful and unsuccessful therapy are needed.
In this study, we performed a retrospective evaluation of IC caused by C. glabrata among patients treated with an echinocandin at our institution. We sought to correlate therapeutic responses with echinocandin MICs and the presence of FKS mutations and to identify risk factors predisposing patients to FKS mutations and echinocandin therapeutic failure.
MATERIALS AND METHODS
Isolates. To be considered for inclusion in the study, patients with IC due to C. glabrata must have been treated with an echinocandin for Ն3 days following the diagnosis, or they must have developed breakthrough IC due to C. glabrata while receiving Ն3 days of an echinocandin for preventive or empirical therapy. In all cases of candidemia, vascular catheters had to be removed within 48 h of starting treatment with an echinocandin. In cases of intra-abdominal abscesses, drainage had to be performed. Exclusion criteria included treatment with an antifungal other than an echinocandin (n ϭ 25), death prior to receiving 3 days of antifungal therapy (n ϭ 12), retention of a vascular catheter for Ͼ48 h after the start of antifungal therapy (n ϭ 9), or lack of medical records (n ϭ 5). C. glabrata isolates were selected from Ϫ80°C stock in the biorepository at the University of Pittsburgh Mycology Research Unit. Prior to testing, isolates were subcultured onto Sabouraud dextrose agar plates, grown at 35°C for 24 to 48 h, and subcultured again for 24 h. The study was approved by the University of Pittsburgh Institutional Review Board.
Echinocandin susceptibility testing. Echinocandin MICs were determined in duplicate according to the method described in CLSI document M27-A3 (9) using a 50% turbidity endpoint at 24 h in RPMI 1640 (buffered to a pH of 7.0 with morpholinepropanesulfonic acid [MOPS]). Standard powders of caspofungin (Merck, Rahway, NJ), anidulafungin (Pfizer, New York, NY), and micafungin (Astellas Pharma, Japan) were obtained from the manufacturers. For each agent, the range of concentrations tested was 0.015 to 16 g/ml. Candida krusei ATCC 6258 and Candida parapsilosis ATCC 22019 were used as quality controls. The quality control strains were incorporated in each set of experiments, and the MICs of each echinocandin agent were within the expected range (10). For C. krusei ATCC 6258, acceptable CLSI MIC ranges for caspofungin, anidulafungin, and micafungin were 0.12 to1 g/ml, 0.03 to 0.12 g/ml, and 0.12 to 0.5 g/ml, respectively. For C. parapsilosis ATCC 22019, the corresponding MIC ranges were 0.25 to 1 g/ml, 0.25 to 2 g/ml, and 0.5 to 2 g/ml, respectively.
Determination of FKS mutations. C. glabrata genomic DNA was extracted from yeast cells grown overnight in YPD broth (2% yeast extract, 4% peptone, 4% dextrose) and purified using the Wizard genomic DNA purification kit (Promega, Wisconsin). Hot spots 1 and 2 of FKS1 and FKS2 were amplified using PCR, as previously described (15) . Standard Sanger DNA sequencing of purified PCR amplicons was performed using a 3130 DNA analyzer (Applied Biosystems, Carlsbad, CA). DNA sequences were analyzed with the software program Sequence Scanner (Applied Biosystems), and the corresponding amino acid sequences were compared to C. glabrata databases (http://www.ncbi.nlm.nih.gov/blast/).
Definitions. Therapeutic failure was assessed at day 14 and defined using consensus definitions of outcomes for antifungal therapy (33) or as a breakthrough infection while receiving an echinocandin for Ն3 days as preventive or empirical therapy. CLSI breakpoint MICs and recently proposed ECVs were used to identify isolates as echinocandin susceptible, intermediate, or resistant (26, 28) . In separate analyses, isolates classified as intermediate were considered to be resistant or susceptible. Correlations between MICs and therapeutic outcomes were made for the specific agent used to treat each patient. In addition, MICs for each echinocandin were assessed as proxies for the class, regardless of which specific agent was used to treat a given patient.
Statistical analysis. Statistical analyses were performed using the PASW Statistics 18 software program (SPSS Inc., Chicago, IL). MICs were logarithmically transformed to approximate normal distribution. Differences in MICs between echinocandins were compared using the Wilcoxon rank sum test. To compare sensitivity and specificity between variables (echinocandin MIC or FKS mutations), we used the McNemar 2 test (35) . Receiver operating characteristic (ROC) analysis was conducted to determine optimal cutoffs for specific echinocandin MICs. Comparisons between two groups (stratified by FKS mutations and therapeutic outcome) were performed by Wilcoxon rank sum test for continuous variables and chi-squared or Fisher's exact tests for categorical variables. To evaluate independent predictors of echinocandin failure, we performed multivariate analysis, including variables that were significant by univariate analysis. Significance was defined as a P value Յ0.05 (twotailed).
RESULTS
Thirty-nine C. glabrata isolates from patients with IC who were treated with caspofungin (92%; 36/39), anidulafungin (2%; 1/39) or micafungin (5%; 2/39) for at least 3 days were included. Ninety percent (35/39) and 10% (4/39) of patients had candidemia and intra-abdominal abscesses, respectively. Ten percent (4/39) of patients developed breakthrough IC while receiving an echinocandin, and an additional 10% (4/39) developed it while receiving an azole. Demographics and clinical characteristics are presented in Table 1 .
In vitro echinocandin susceptibility testing. Caspofungin MICs ranged from 0.5 to 8 g/ml; the MIC 50 and MIC 90 were 0.5 and 1 g/ml, respectively. The corresponding values for anidulafungin were 0.03 to 1 g/ml, 0.03, and 0.5 g/ml, respectively. For micafungin, values were 0.015 to 0.5 g/ml, 0.03, and 0.12 g/ml, respectively. The distribution of echinocandin MICs is presented in Fig. 1 . Caspofungin, anidulafungin, and micafungin MICs against C. krusei ATCC 6258 and C. parapsilosis ATCC 22019 were within the acceptable ranges.
Overall, caspofungin MICs were higher than those of anidulafungin and micafungin (P Ͻ 0.0001 for both). Using the revised CLSI breakpoints for C. glabrata, 0% (0/39), 90% (35/39), and 85% (33/39) of isolates were in vitro susceptible to caspofungin, anidulafungin, and micafungin, respectively. Eight percent (3/39) were intermediate to micafungin, and none of the isolates were intermediate to caspofungin or anidulafungin. One hundred percent (39/39), 10% (4/39), and 8% (3/39) of isolates were resistant to caspofungin, anidulafungin, and micafungin, respectively.
Presence of FKS mutations. FKS mutations were detected in 18% (7/39) of isolates (candidemia, n ϭ 5; intra-abdominal abscess, n ϭ 2). As detailed in Table 2 , mutations occurred at hot spots in FKS1 or FKS2 (n ϭ 2 or 5, respectively). Echinocandin MICs were higher in isolates harboring mutations than in wildtype strains (Fig. 2) . Factors significantly associated with FKS mutations included gastrointestinal (GI) surgery or receipt of total parenteral nutrition (TPN) within 30 days of IC, prior echinocandin exposure, prolonged duration of prior echinocandin exposure, and breakthrough IC during echinocandin therapy ( Table 1) . As determined by ROC analyses, the MIC cutoffs that best predicted FKS mutations were Ͼ0.5, Ͼ0.06, and Ͼ0.03 g/ml for caspofungin, anidulafungin, and micafungin, respectively (data not shown). At these cutoffs, the sensitivity and specificity of caspofungin MICs for predicting FKS mutations were 100% (7/7) and 91% (29/32), respectively. The corresponding values for anidulafungin and micafungin MICs were 86% (6/7) and 100% (32/32) and 71% (5/7) and 94% (30/32), respectively. Correlation between echinocandin MICs or presence of FKS mutations and therapeutic outcomes. Twenty-six percent (10/ 39) and 74% (29/39) of patients experienced failure and success of echinocandin therapy, respectively. Median caspofungin and anidulafungin MICs were higher in cases of therapeutic failure (P ϭ 0.04 and 0.006, respectively), but micafungin MICs were not (P ϭ 0.17) (Fig. 3) . ROC analyses identified the optimal cutoffs for therapeutic failure to be Ͼ0.5 g/ml for caspofungin, Ͼ0.06 g/ml for anidulafungin, and Ͼ0.03 g/ml for micafungin. The sensitivity and specificity of CLSI breakpoints, ECVs, ROC cut- a GI disease includes short gut syndrome (n ϭ 6), superior mesenteric artery syndrome (n ϭ 2), abdominal fistula (n ϭ 2), Crohn's disease (n ϭ 1), diverticulitis (n ϭ 1), necrotizing pancreatitis (n ϭ 1), and liver cirrhosis (n ϭ 1). b Other underlying diseases include cardiovascular disease (n ϭ 4), scleroderma (n ϭ 1), and subarachnoid hemorrhage (n ϭ 1); one patient had no significant past medical history. c NS, not significant.
FIG 1 Distribution of caspofungin, anidulafungin, and micafungin MICs.
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offs, and FKS mutations in predicting therapeutic failure are presented in Table 3 . For CLSI breakpoints, ECVs, and ROC cutoffs, the sensitivity and specificity were identical whether outcomes were correlated with the MIC of the specific echinocandin used to treat each patient or the MIC of each echinocandin was used as a proxy for the class. The 30-day mortality rates for patients with and without FKS mutations were 29% (2/7) and 19% (6/32), respectively (P ϭ 0.62). Severity of illness did not differ between patients who died (median acute physiology score [APS] ϭ 9.5; range, 5 to 15) or survived (median APS ϭ 8; range, 2 to 14; P ϭ 0.24). Likewise, the median APS for patients with FKS mutations (9; range, 6 to 13) was similar to that for patients without mutations (8; range, 2 to 15; P ϭ 0.51). The median caspofungin, anidulafungin, and micafungin MICs against isolates associated with 30-day mortality were 0.75, 0.03, and 0.03 g/ml, respectively, which were not significantly different from median MICs against isolates associated with survival (0.5, 0.03, and 0.03 g/ml, respectively) (Fig. 4) .
Risk factors for failure of echinocandin therapy. By univariate analysis, recent GI surgery, prior echinocandin exposure, caspofungin MICs of Ͼ0.5 g/ml, anidulafungin MICs of Ͼ0.06 g/ml, and presence of an FKS mutation were significantly associated with therapeutic failure (Table 4) . The presence of an FKS mutation was the only independent risk factor for therapeutic failure, as demonstrated by multivariate logistic regression analysis using factors identified by univariate analysis (Table 4) .
DISCUSSION
We have demonstrated a correlation between the presence of FKS mutations and echinocandin therapeutic failure among patients with IC due to C. glabrata. Patients infected with C. glabrata isolates harboring FKS mutations were more likely to fail echinocandin therapy (86%; 6/7) than those infected with isolates without FKS mutations (12%; 4/32; P ϭ 0.0004). By univariate analysis, the presence of a mutation within hot spot regions of FKS1 or FKS2, a caspofungin MIC of Ͼ0.5 g/ml, an anidulafungin MIC of Ͼ0.06 g/ml, prior echinocandin exposure, and GI surgery within 30 days of developing IC were significant risk factors for therapeutic failure. By multiple regression analysis, the presence of an FKS mutation was the only independent risk factor for failure. The sensitivity and specificity of FKS mutations in predicting therapeutic failure were 60% (6/10) and 97% (28/29), respectively. These findings reiterate that resistance is not the sole determinant of responses to antifungal therapy among patients with IC, since factors such as host immune function, underlying diseases, intravenous catheter removal, adjunctive surgical interventions, and pharmacokinetic parameters also play significant roles (31, 32) . As such, it is unsurprising that some of our patients failed to respond to an echinocandin despite being infected with C. glabrata isolates with wild-type FKS alleles and others responded despite being infected with FKS mutant isolates.
Echinocandin MICs correlated with therapeutic outcomes to a lesser degree than FKS mutations. Median caspofungin and anidulafungin MICs were significantly higher in cases of therapeutic failure than in cases of success, and it was possible to establish cutoff values for echinocandin resistance. By ROC analyses, the optimal breakpoints for caspofungin, anidulafungin, and micafungin resistance were Ͼ0.5, Ͼ0.06 and Ͼ0.03 g/ml, respectively. The sensitivity and specificity of our caspofungin breakpoint for predicting therapeutic failure were 60% (6/10) and 86% (25/29), respectively. The anidulafungin and micafungin breakpoints were somewhat less sensitive (50% and 40%, respectively) but more specific (97% and 90%, respectively), although the differences between agents were not statistically significant. The like- lihood ratio for therapeutic failure with anidulafungin MICs of Ͼ0.06 g/ml was particularly strong, approaching that of an FKS mutation (14.5 versus 17.4). Nevertheless, no MICs for any of the echinocandins were independently associated with therapeutic failure by multiple regression analyses.
It is important to note that the caspofungin breakpoint suggested by our data was higher than that proposed by CLSI (28), which reflected the fact that our caspofungin MICs, in general, were higher than those used by CLSI. In fact, 100% (39/39) of caspofungin MICs in our study were above the proposed CLSI breakpoint (28) and ECV (27) . Our caspofungin MICs were higher than those in some reports (27, 36) but corroborated the findings of other studies (1, 16, 21, 22) . The reasons for the discrepancies between studies are not immediately apparent, but the variability of caspofungin susceptibility testing is well recognized and may reflect differences in lot-to-lot potency of pure drug or choice of solvent (3, 4) . Unfortunately, the currently recommended control strains are insensitive at detecting caspofungin MIC variability (4). Our anidulafungin and micafungin MIC distributions and breakpoints, on the other hand, were more consistent with those of previous reports. Of note, an anidulafungin breakpoint of Ͼ0.06 g/ml has been proposed as a surrogate for resistance to the echinocandin class (5). Our findings support this breakpoint, but the data are too limited to draw conclusions about the value of anidulafungin MIC as a surrogate or the role of echinocandin MICs in guiding therapeutic decisions.
To date, studies attempting to correlate in vitro echinocandin resistance and putative breakpoint MICs to the clinical outcomes c Specificity is defined as the number of tests negative for the individual variable listed in the first column, divided by the number of patients in whom echinocandin therapy was successful (n ϭ 29) ϫ 100%. d CLSI breakpoints define C. glabrata strains as susceptible (Յ0.12 g/ml for caspofungin and anidulafungin and Յ0.06 g/ml for micafungin), intermediate (0.25 g/ml for caspofungin and anidulafungin and 0.12 g/ml for micafungin), or resistant (Ͼ0.25 g/ml for caspofungin and anidulafungin and Ͼ0.12 g/ml for micafungin). e NA, not applicable.
of IC have yielded conflicting results. Our finding that caspofungin MICs correlated with the response to therapy is consistent with results in a previous study evaluating 17 Candida isolates recovered from patients receiving Ն3 doses of micafungin. In the earlier study, FKS hot spot mutations were found in 5 C. glabrata and 2 C. tropicalis breakthrough isolates, each of which exhibited caspofungin MICs of Ͼ2 g/ml (30) . As in our study, this report included immunocompromised hosts who received prolonged echinocandin therapy (median duration, 33 days) (30) . In contrast, a relationship between caspofungin MICs and treatment outcomes was not apparent in a study of patients treated with caspofungin for IC (114 patients) or oropharyngeal candidiasis (292 patients) (16) . In fact, patients infected with Candida isolates against which MICs were highest (Ͼ2 g/ml) had better outcomes than patients infected with isolates for which MICs were lower (Ͻ1 g/ml) (16) . There are several possible explanations for the disparate results between this study and ours. Most importantly, the previous study evaluated outcomes across types of infection and different species, which likely limited the ability to establish correlations. For example, echinocandin MICs against C. parapsilosis are typically higher than those against other species, but C. parapsilosis is well recognized to be associated with good clinical outcomes (2, 20) . Along related lines, the earlier study included only 15 C. glabrata isolates, against which caspofungin MICs fell within a narrow, 2-fold dilution range (0.5 or 1 g/ml).
In our study, on the other hand, caspofungin MICs ranged from 0.5 to 8 g/ml. Other notable differences in our study were that patients were more likely to be immunosuppressed and to have received prior echinocandin therapy, vascular catheters had to be removed and foci of infection drained, and patients were not selected from participants in prospective, randomized trials. Our findings that FKS mutations directly correlated with echinocandin MICs and that MICs that best predicted the presence of FKS mutations also best predicted therapeutic failure are consistent with numerous smaller reports of various Candida spp., in which amino acid substitutions in FKS gene products were linked with elevated echinocandin MICs and therapeutic failure. To our knowledge, this is the first report associating F659L with in vitro echinocandin resistance and therapeutic failure among C. glabrata isolates, since previous substitutions at this site were reported only for serine, valine, or tyrosine (15) . Based on our limited data, F659L appears to be a less prominent mutation, since echinocandin MICs were lower than those for other mutations. Our two isolates with FKS1 mutations had the amino acid substitutions D632Y and -H. Although D632G, -E, and -Y were linked to echinocandin resistance, D632H has not been reported previously. As studies continue to chronicle FKS mutations, we will likely continue to encounter novel mutation patterns. Future studies of enzyme kinetics will be needed to clearly establish which specific mutations are responsible for echinocandin resistance.
We must acknowledge that the data presented in this study are from a single center, the number of FKS mutants is small, and the vast majority of patients were treated with caspofungin. In light of the last point, cutoff anidulafungin and micafungin MICs can only be extrapolated from our data. Nevertheless, our data support the conclusion that the FKS genotype is a better indicator of echinocandin therapeutic failure than MIC alone and suggest that alternatives to traditional phenotypic testing for resistance are warranted for C. glabrata. Similar studies are needed to validate genotypic testing of other Candida species. FKS mutations are the only known mechanism for reduced echinocandin susceptibility, and as such they provide an ideal platform for molecular assays to rapidly detect drug resistance (24, 25) . However, until laboratorybased approaches like in vitro echinocandin susceptibility testing using reliable interpretive breakpoints and FKS genotyping are validated, such data should be used cautiously in the management of individual patients. Along these lines, clinicians should recognize the clinical scenarios in which the risk for echinocandin resistance is elevated, including in the settings of ongoing or prior echinocandin therapy, TPN administration, or recent GI surgery.
